Observation of quantum Talbot effect from a domain-engineered nonlinear photonic crystal Appl. Phys. Lett. 101, 211115 (2012) Čerenkov nonlinear diffraction in random nonlinear photonic crystal of strontium tetraborate Appl. Phys. Lett. 101, 211114 (2012) Self-induced spin-polarized carrier source in active photonic device with artificial optical chirality Appl. Phys. Lett. 101, 181106 (2012) Nanocrystalline diamond photonics platform with high quality factor photonic crystal cavities Appl. Phys. Lett. 101, 171115 (2012) Additional information on Rev. Sci. Instrum. Photonic crystal structures and other nanoscale and microscale optical structures are centrally important to future device technology. The fundamental infrared single-angle plane-wave experimental characterization of these structures is needed to evaluate the analysis, design, and fabrication progress on these devices. The very small sizes of these devices necessitates focusing the infrared probe light typically with a Schwarzschild reflecting objective. The small spot size inherently requires the large range of incident angles associated with the objective. In this work, a variable-angle measurement method is presented for obtaining the optical single-angle plane-wave transmittances/reflectances. The primary steps in this method are ͑1͒ calculating the reference sample single-angle plane-wave transmittance/reflectance, ͑2͒ measuring the composite transmittances/reflectances of a reference sample over a range of objective angles of incidence, ͑3͒ calculating the intensity-angular-weighting coefficients for the objective using the Moore-Penrose ͑overdetermined linear equations͒ matrix inversion technique, ͑4͒ measuring the composite transmittances/reflectances of a sample-under-test over a range of objective angles of incidence, and ͑5͒ calculating the single-angle plane-wave transmittances/reflectances using the Moore-Penrose matrix inversion technique.
I. INTRODUCTION
Optical devices based on photonic crystal structures have the potential to manipulate and control light in many useful ways. 1 These and related nanoscale and microscale optical devices can function as waveguides, right-angle waveguide bends, resonators, input/output couplers, spontaneous emission controllers, light localizers, optical interconnections, etc. Devices may have locally periodic variations in one, two, or three dimensions. Since the first introduction of photonic crystal structures, 2, 3 there have been many theoretical papers and fabrication papers published on these important structures. Although a great deal of excellent progress has been made, photonic crystal devices are not yet in wide commercial use. The structures are small and complex. Nonoptimum device performance might be ascribed to shortcomings in analysis, design, fabrication, or a combination of these. There are many uncertainties accompanying the development of these devices. Hence there is a significant need for accurate experimental measurements on the structures that are fabricated. Testing is critical, especially over a range of infrared wavelengths. Only by such measurements can device developers know what they have achieved.
To address the need for measurements over a range of infrared wavelengths, researchers have successfully employed Fourier transform infrared ͑FTIR͒ transmission microscopy, 4 -9 FTIR reflection microscopy, 6,9-15 optical parametric oscillator ͑OPO͒ microscopy, 10,16 -19 and carbon dioxide (CO 2 ) laser microscopy. 20 These investigations have provided many valuable results and insights. In general, these approaches require focusing of the infrared beam. This is typically done with a Schwarzschild reflecting objective which like all objectives produces a range of angles of incidence. Furthermore, unlike a refracting lens, the Schwarzschild reflecting objective produces a ͑nonzero͒ minimum as well as a maximum angle of incidence. The range of angles produced by the objective directly determines the angles of incidence that occur in a given measurement made with the objective. A method is needed for obtaining the infrared single-angle plane-wave transmittances/reflectances. In this article, a variable-angle measurement method is presented for obtaining the optical single-angle plane-wave transmittances/reflectances. First, the operation of the Schwarzschild reflecting objective is described. Then the method is presented. It consists of the following steps: ͑1͒ installing a horizontal slit before the objective to limit angles of incidence, ͑2͒ calculating the reference sample singleangle plane-wave transmittance/reflectance ͑e.g., using Fresnel's equations͒, ͑3͒ inserting the reference semiconductor slab sample aligned with the horizontal slit, ͑4͒ measuring the composite transmittances/reflectances of a reference sample over a range of objective angles of incidence, ͑5͒ calculating the intensity-angular-weighting coefficients for the objective using the Moore-Penrose ͑overdetermined linear equations͒ matrix inversion technique, ͑6͒ inserting the photonic crystal semiconductor sample aligned with the horizotal slit, ͑7͒ measuring the composite transmittances/ reflectances of a sample-under-test over a range of objective angles of incidence, and ͑8͒ calculating the single-angle plane-wave transmittances/reflectances using the Moorea͒ Author to whom correspondence should be addressed; electronic mail: tgaylord@ece.gatech.edu Penrose matrix inversion technique. In the following sections, each of these steps is described.
II. SCHWARZSCHILD REFLECTING OBJECTIVE
The Schwarzschild reflecting objective produces a range of angles of incidence as shown in Fig. 1 . The objective angles incident on the sample range from Ϫ ob,max to Ϫ ob,min and from ϩ ob,min to ϩ ob,max as indicated in Fig.  2 . These angles include all angles with circular symmetry about the z axis of the objective. Some example commercial Schwarzschild reflecting objectives made by Thermo-Oriel 21 and Ealing 22 are described in Table I . For the measurements described here, a horizontal slit along the x direction is located before the objective. Thus each ray incident on the sample has a wave vector k lying in the xϪz plane. The development presented here is in terms of transmittances. However, a similar procedure applies to the determination of plane-wave reflectances. With the Schwarzschild objective, measured transmittances are integrations ͑summations͒ over a range of angles of incidence. From composite angular measurements made with the Schwarzschild objective, it is desired to determine the single-angle plane-wave transmittance, t j , of the photonic crystal structure where j is the index over the single-angle plane-wave angles of incidence. The measured composite transmittances are represented by T i where i is the index over angles of the objective axis with respect to the sample, s,i . The measured transmittances may be represented as incoherent weighted sums of the plane-wave transmittances t j . That is,
where A i j are the weighting coefficients for the plane waves that are present. For a given objective angle with respect to the sample, s,i , many plane wave components will be absent and thus the corresponding A i j coefficients will be zero for those components. For the realistic case of the intensity of the incident infrared radiation intensity not being the same for each angle from Ϫ ob,max to Ϫ ob,min and from ϩ ob,min to ϩ ob,max then A i, jϪ1 A i, j A i, jϩ1 , for each plane-wave angle of incidence for that objective orientation. However, the objective intensity weighting coefficients will not depend on the objective angle with respect to the sample ͑index i͒. The coefficients depend only on the infrared beam and the Schwarzschild objective optics and not on how the sample is oriented with respect to the objective. For clarity of presen-
Optical configuration of Schwarzschild reflecting focusing objective. Light passes through a hole in the primary mirror, is reflected by the secondary mirror, then is reflected by the primary mirror, and brought to a focus as shown.
FIG. 2. Light rays from
Schwarzschild objective incident ͑a͒ upon a reference ͑or slab͒ sample and ͑b͒ upon a photonic crystal sample. The normal to the sample is at an angle s with respect to the axis of the objective. The minimum and maximum ray angles of the objective are given by ob,min and ob,max , respectively. An example single-angle plane-wave angle, k , is shown. tation, the index i ͑for the objective-sample angle͒ and the index j ͑for the single-angle plane wave͒ are taken to be the value in degrees of those corresponding angles ͑rather than consecutive integers͒. Also, the intensity weighting coefficients will be designated by the single subscript j ͑rather than by two subscripts͒ with the values in degrees for the case of iϭ0 ͑normal incidence for objective͒. Further, to simplify the presentation, a large angular spacing ͑10°͒ is used to represent consecutive values of the composite transmittances, the weighting coefficients, and the single-angle plane-wave transmittances. Still further, the Schwarzschild objective used in the development here is assumed to be described by only three weighting coefficients corresponding to ob ϭ20°, 30°, and 40°. For these angles the intensity weighting coefficients are given by A 0,20 ϵa 20 , A 0,30 ϵa 30 , and A 0,40 ϵa 40 . To obtain higher angular resolution in the single-angle plane-wave transmittances, obviously measurements, weighting coefficients, and calculations would need to be obtained at a smaller angular spacing ͑such as 1°͒. Note that the maximum angle of objective-sample incidence, s,i , is 90°Ϫ ob,max . At this objective-sample angle of incidence, there are rays at grazing incidence. In some experimental configurations, the mechanical arrangement of the sample and objective will limit the maximum angle of objectivesample incidence to a value lower than this. Using these conventions and facts, the measured composite transmittances, T i , in terms of the single-angle plane-wave transmittances, t j , are given by 
where the maximum angle of objective-sample incidence has been taken arbitrarily to be 50°. For the objective at normal incidence, s,i ϭ0, the corresponding measured transmittance T 0 is the sum of the plane-wave transmittances from k ϭϪ ob,max to k ϭϪ ob,min and from k ϭϩ ob,min to k ϭϩ ob,max . For ob,min ϭ20°and ob,max ϭ40°as depicted in Eq. ͑2͒, and for the objective at s,i ϭϩ10°, then measured transmittance T 10 is the weighted sum of the plane-wave transmittances at Ϫ30°, Ϫ20°, Ϫ10°, ϩ30°, ϩ40°, and ϩ50°.
For symmetric photonic crystal structures, such as the one shown in Fig. 2 , positive and negative angles of incidence should produce the same result. Using this, Eq. ͑2͒ can be simplified. From symmetry, t 10 ϭt Ϫ10 , t 20 ϭt Ϫ20 , t 30 ϭt Ϫ30 , etc., and so
Further, objective-sample angles of incidence beyond s,max are not possible. In practice, the largest angle of plane-wave incidence would be k,max where k,max ϭ s,max ϩ ob,max . ͑4͒
Incidence at and near 90°, as indicated in Eq. ͑2͒, may not be possible depending on the particular experimental configuration.
III. COMPOSITE TRANSMITTANCES OF REFERENCE SAMPLE
Initially, a blank reference slab ͑typically silicon or other semiconductor material͒ is inserted into the system. The single-angle plane-wave intensity transmittances t j 's are calculated for this slab. This may be done using the Fresnel equations, finite-difference time-domain ͑FDTD͒ methods, or other electromagnetic modeling methods. Here, for simplicity, the Fresnel equations are used to calculate the single-angle plane-wave intensity transmittances t j 's taking into account a single reflection at the entrance surface and at the exit surface of the reference silicon slab. These are designated as ' where n 1 ϭ1 is the index of air, n 2 is the index of the semiconductor, 1 is the angle of incidence, and 2 is the angle of refraction given by Snell's law, n 1 sin 1 ϭn 2 sin 2 . For example, for silicon, at a wavelength of 10 m the refractive index is n 2 ϭ3.4215. The fraction of the power transmitted for TE or TM polarization is
The semiconductor exit interface is taken to be parallel to the entrance interface. Under these circumstances, the fraction of the power reflected is the same at this second interface. Thus the slab single-angle plane-wave intensity transmittance is simply the square of the fraction of the power transmitted at the entrance interface, or
neglecting interference effects between the entrance and exit interfaces. For example, for TE polarized light of wavelength 10 m at an angle of incidence of 10°, the single-angle plane-wave transmittance of a silicon reference slab is t sl,10 ϭ0.4826. The reference slab sample may have the same dimensions as that containing the photonic crystal sample. This is typically a first location in a common semiconductor slab that contains both the reference slab and the photonic crystal region. Figure 2͑a͒ depicts incidence upon the reference sample and Fig. 2͑b͒ ͬ .
͑9͒
Then the intensity weighting coefficients, a 20 , a 30 , a 40 , may be determined using the method described in the next section.
IV. INTENSITY WEIGHTING COEFFICIENTS
The linear equations represented by Eq. ͑9͒ are an overdetermined set of equations. There are more equations ͑M͒ than unknowns ͑N͒. This is due to making more measurements than the minimum needed to determine the intensity weighting coefficients. The larger number of measurements is desirable to compensate for noise in the measured composite transmittances ͑T 's͒ and thus to improve the overall accuracies of the intensity weighting coefficients. The issue is how to use all the measured information that is available to obtain the most accurate set of answers ͑a's͒ possible. A widely used strategy 23 
V. COMPOSITE TRANSMITTANCES OF PHOTONIC CRYSTAL SAMPLE
Next, the silicon slab containing the photonic crystal sample is translated into position as shown in Fig. 2͑b͒ . It should have the same external dimensions as the previous blank silicon reference slab. In fact, it may be a second location on the same silicon sample. Now the composite transmittances T pc,i are measured over a range of objectivesample angles of incidence. These composite transmittances are related to the unknown single-angle plane-wave transmittances by Table II for various values of the angular resolution in angular measurement (⌬ s ) and the angular separation between the single-angle plane-wave transmittances (⌬ k ). The practical case of ⌬ s ϭ⌬ k /2 is included in Table II . This corresponds to making two measurements in each angular range equal to the angular separation between the values of the plane-wave transmittances to be calculated. Noninteger values may arise from Eqs. ͑12͒ and ͑13͒, but of course only integer numbers of measurements and unknowns exist. When ob,max ϭ s,max and ⌬ s ϭ⌬ k , the number of measurements ͑M͒ and the number of unknowns ͑N͒ are the same. 1  71  30  40  1  81  1  71  30  40  1  81  2  36  30  40  2  41  2  36  30  40  2.5  33  5  15  30  40  5  17  5  15  30  40  5  17  10  8  30  40  10  9  10  8  40  50  0.5 
